on behalf of the TRANSBIG Consortium Abstract Purpose: Recently, a 76-gene prognostic signature able to predict distant metastases in lymph node^negative (N -) breast cancer patients was reported. The aims of this study conducted by TRANSBIG were to independently validate these results and to compare the outcome with clinical risk assessment. Experimental Design: Gene expression profiling of frozen samples from 198 N -systemically untreated patients was done at the Bordet Institute, blinded to clinical data and independent of Veridex. Genomic risk was defined by Veridex, blinded to clinical data. Survival analyses, done by an independent statistician, were done with the genomic risk and adjusted for the clinical risk, defined by Adjuvant! Online. Results: The actual 5-and 10-year time to distant metastasis were 98% (88-100%) and 94% (83-98%), respectively, for the good profile group and 76% (68-82%) and 73% (65-79%), respectively, for the poor profile group. The actual 5-and 10-year overall survival were 98% (88-100%) and 87% (73-94%), respectively, for the good profile group and 84% (77-89%) and 72% (63-78%), respectively, for the poor profile group. We observed a strong time dependence of this signature, leading to an adjusted hazard ratio of 13.58 (1.85-99.63) and 8.20 (1.10-60.90) at 5 years and 5.11 (1.57-16.67) and 2.55 (1.07-6.10) at 10 years for time to distant metastasis and overall survival, respectively. Conclusion: This independent validation confirmed the performance of the 76-gene signature and adds to the growing evidence that gene expression signatures are of clinical relevance, especially for identifying patients at high risk of early distant metastases.
In current clinical practice, the majority of patients with early breast cancer receive some form of systemic adjuvant therapy (chemotherapy and/or endocrine therapy), which may have important side effects and which puts considerable burden on health care costs. Although guidelines have been developed to assist clinicians in selecting patients who should receive adjuvant therapy, it still remains a challenge to distinguish those patients who would really need adjuvant systemic therapy from those who could be spared such treatment. Recognizing the complexity of disease progression, two independent groups Imaging, Diagnosis, Prognosis conducted comprehensive genome-wide assessments of gene expression profiling to identify broadly applicable prognostic markers. In a series of 78 systemically untreated node-negative (N -) breast cancer patients younger than 55 years of age, and using the Agilent platform, the Netherlands Cancer Institute in Amsterdam and Rosetta identified a 70-gene prognostic signature reported by van't Veer at al. (1) . This signature was then validated on a larger set of 295 young N -and N + breast cancer patients from the same institution (2) . Thereafter, Erasmus Medical Center and Veridex identified a 76-gene prognostic signature that could be used to predict the development of distant metastases within 5 years in N -primary breast cancer patients (irrespective of age and tumor size) who did not receive systemic treatment (3) . Importantly, and in contrast to van't Veer et al. (1) , this study used Affymetrix technology to build a classification algorithm that considered estrogen receptor (ER) -positive patients separately from ER-negative patients, based on the assumption that the mechanisms for disease progression could differ for these two ER-based subgroups of breast cancer patients. This same group recently confirmed their 76-gene signature in a multicenter cohort of 180 N -breast cancer patients obtained from different institutions (4) .
A feature common to both signatures is that when they are compared with the classification results with two conventional consensus, the St. Gallen and NIH guidelines (5, 6), both signatures correctly identified the low-risk patients not needing treatment. This means that the number of patients that would receive unnecessary treatment could be significantly reduced, emphasizing the advantage of these gene signatures over the clinical guidelines.
TRANSBIG, a network for translational research established by the Breast International Group (BIG), recently conducted a validation study of the 70-gene signature and showed reproducible prognostic value in a series of 302 patients from five different centers and across different statistical facilities (7) . In the present study, we report the validation results of the 76-gene signature using the same approach and patient series, but an independent laboratory. In addition, given the long follow-up period (median, 14 years) in this study, we also investigated the prognostic value of this 76-gene signature over time and intriguingly observed a strong time dependence of the prognostic gene signature.
Materials and Methods
Patient samples. This validation study was carried out with frozen archival tumor materials from breast cancer patients previously described by the TRANSBIG consortium (7) . Briefly, these patients were younger than the age of 61 years (median age, 47 years) and had node-negative, T 1 -T 2 (V5 cm) tumors. Patients in this series had been diagnosed between 1980 and 1998 (median follow-up, 13.6 years) and had been seen at six centers: Institut Gustave Roussy, Villejuif, France (IGR); Karolinska Institute, Stockholm and Uppsala University Hospital, Uppsala, Sweden (KI); Centre René Huguenin, Saint-Cloud, France (CRH); Guy's Hospital, London, United Kingdom (GH); and John Radcliffe Hospital, Oxford, United Kingdom (JRH). Patients with previous malignancies (except basal cell carcinoma) and bilateral synchronous breast tumors were excluded. The corresponding paraffinembedded tumor samples of these patients were sent to the Department of Pathology at the European Institute of Oncology, Milan, Italy, where ER status (using immunohistochemistry) and histologic grade (using the Elston and Ellis method) were determined by the same pathologist, blinded to the clinical and genomic data. The clinical centers were also visited by two independent auditors who carried out source data verification of all data in the validation series. The validation protocol was finalized in September 2005, and all institutional ethics committees approved the use of the tumor materials for the purposes described in this study.
Gene expression analysis. Frozen samples were sent from the clinical centers to the Netherlands Cancer Institute, Amsterdam, where RNA had been extracted for the previous TRANSBIG validation study of the 70-gene profile on the Agilent platform (7), except for the samples from Centre René Huguenin, for which RNA was sent directly to Amsterdam. To carry out the present study, RNAs were then shipped to the Jules Bordet Institute to perform the microarray analyses using the Affymetrix U133a GeneChip blinded to clinical data and independent of Veridex. The quality of the RNA obtained from each tumor sample was assessed via the RNA profile generated by the Agilent bioanalyzer. RNA amplification, hybridization, and image scanning were done according to standard Affymetrix protocols. Expression values for each gene were calculated using Affymetrix GeneChip analysis software MAS 5.0. For chip normalization, probe sets were scaled to a target intensity of 600, and scale mask filters were not selected. Chips with signal to noise ratio < 24 were excluded. Each probe set was considered as a separate gene. Genomic high-and low-risk groups were defined by Veridex blinded to clinical data, as described previously (3, 4) , using the array based ER assay results and the 76-gene prognostic signature. The raw and normalized gene expression data, together with the patient's characteristics are publicly available on GEO (http://www.ncbi.nlm. nih.gov/geo), with accession number GSE 7390.
Statistical analyses. All statistical analyses were carried out by the International Drug Development Institute, Brussels, Belgium, using SAS version 9.1 and SPLUS version 7. Patient clinical data and outcomes were blinded to Jules Bordet Institute and Veridex. The end points considered in this study were time from diagnosis to distant metastases (TDM), which was the end point used to identify the gene signature (3), and overall survival, defined as time from diagnosis to death from any cause.
The main analytic approach used to validate the gene signature was to estimate hazard ratios (HR), which quantified the relative risk of an event in the high-risk group compared with the low-risk group. HRs were estimated through Cox's proportional hazard regression models, stratified by clinical center to account for the possible heterogeneity in patient selection or other potential confounders among the various centers. HRs for the risk groups defined by the gene signature were estimated with stratification for clinical risk, using the Adjuvant! Online software 13 to reflect the prognostic effect of the gene signature over and above that of clinicopathologic variables (''adjusted HRs''). This clinical risk classification, which calculates a 10-year survival probability based on a patient's age, tumor size and grade, and ER status (and nodal status, which was negative for all patients considered in the present validation; ref. 8 ) and had been shown to predict the overall survival, breast cancer -specific survival, and event-free survival in 4,083 women diagnosed with early breast cancer in British Columbia between 1989 and 1993 (9), was also used in the TRANSBIG validation of the Amsterdam 70-gene signature (7). It was decided by consensus of the TRANSBIG consortium members 14 that the low clinical risk group would be defined as patients with a 10-year survival probability of at least 88% if they had >10% of the cells with positive expression of ERs and of at least 92% if they had not (as calculated by Adjuvant! Online). These two cutoffs were chosen to reflect the fact that nowadays, patients with ER-positive tumors receive adjuvant endocrine therapy (with an estimated absolute 10-year survival benefit of about 4% overall), whereas patients in the validation series were all untreated regardless of their receptor status. The adjusted HRs in the different centers were displayed with their 95% confidence intervals on forest plots and tested for heterogeneity. The Kaplan-Meier product limit estimator was used to display time to event curves. ''Sensitivity'' was defined as the percentage of the patients with distant metastasis within 5 or 10 years that had been predicted correctly by the 76-gene signature. ''Specificity'' was defined as the percentage of patients free of distant metastasis for at least 5 or 10 years that had been predicted correctly by the 76-gene signature. The effect of the duration of follow-up on HRs was analyzed by censoring all observations at increasing time points. Cox proportional hazard models were fit on the censored data and stratified by center. HRs for the risk groups defined by the gene signature were adjusted for clinical risk by stratifying by the clinical risk groups. HRs for the risk groups defined by Adjuvant! Online were stratified only by center. To be able to compare the results with those of Adjuvant! Online and those of the recently published validation study of the 76-gene signature (4), the data reported in this study were based on the 10-year follow-up for all the analyses, except for the analysis regarding time dependence.
Results
Patient's characteristics. Out of the 302 patients used for the previous TRANSBIG validation (7), 83 patients were excluded due to insufficient quantities of RNA materials, and an additional 21 patients were excluded because their tumors failed RNA or microarray quality control. Thus, 198 patients were included in the study. No statistically significant difference was found between the original 302 and present 198 patient groups with respect to the patient and tumor characteristics (age, tumor size and grade, ER status, and proportion of patients alive at 10 years). This shows that our population is representative of the overall study population in terms of baseline characteristics. The median follow-up for the 198 patients included was 14.0 years, and distant metastases were found in 51 (26%) of them, with 35 of them showing progression within 5 years (18%). The patients were assessed to high and low genomic risk, as described previously (3, 4) , and to high and low clinical risk, as defined by the Adjuvant! Online software 13 using the pre-defined cutoff. Kaplan-Meier curves for TDM and overall survival as a function of the clinical risk are shown in Supplementary Fig. S1 . One hundred forty-three (72%) and 55 patients (28%) were classified as high and low genomic risk, whereas 152 (77%) and 46 (23%) patients were considered to be high and low clinical risk, respectively. The risk criteria were discordant for 69 patients (35%). Interestingly, the low genomic risk group contained 21.9% (14 of 64) of all ER-negative patients, whereas the clinical low-risk group did not contain any. Thus, 25% (14 of 55) of the patients with a low genetic risk were ER negative in contrast to 35% (50 of 143) in the high genetic risk group. Patient characteristics are shown in Table 1 , organized according to genomic and clinical risk.
Effect of the gene signature on TDM and overall survival. The Kaplan-Meier analyses for TDM and overall survival as a function of the gene signature showed statistically significant differences in TDM and overall survival (Fig. 1) . Indeed, the actual 5-and 10-year TDM were 98% (88-100%) and 94% (83-98%), respectively, for the good profile group and 76% (68-82%) and 73% (65-79%), respectively, for the poor profile group. The actual 5-and 10-year overall survival were 98% (88-100%) and 87% (73-94%), respectively, for the good profile group and 84% (77-89%) and 72% (63-78%), respectively, for the poor profile group. The HR was 5.78 (95% confidence interval, 1.78-18.80) for TDM and 2.87 (95% confidence interval, 1.21-6.82) for overall survival. The sensitivity for 5-and 10-year TDM was 97% and 93%, respectively, and the specificity was 34% and 31%, respectively.
Gene signature adjusted for the clinical risk. As reported above, the clinical risk was assessed by the Adjuvant! Online software. We did not consider the St. Gallen criteria and the Nottingham Prognostic Index, as the St. Gallen criteria classify very few patients as low risk, whereas the Nottingham Prognostic Index takes neither the patient's age nor the ER status into account. The adjusted HRs in all centers are shown in Fig. 2 . A heterogeneity analysis showed that there were no significant differences between the various centers for both TDM and overall survival. The global HRs remained similar when adjusted for the clinical risk, with a HR of 5.11 (1.57-16.67) for TDM and 2.55 (1.07-6.10) for overall survival. Figure 3 shows the Kaplan-Meier estimates of TDM and overall survival for the four groups of patients as defined in Table 1 . Remarkably, in the group of 16 patients defined as both low genomic and low clinical risk, none developed distant metastasis, and only two died between 9 and 10 years of follow-up without distant metastasis.
Time dependence of the signature. Given the long follow-up period in this study, we investigated the potential of this gene signature to predict distant metastases over time. Interestingly, we observed a strong time dependence of this signature, leading to an adjusted HR of 13.58 (1.85-99.63) and 8.20 (1.10-60.90) at 5 years and 5.11 (1.57-16.67) and 2.55 (1.07-6.10) at 10 years for TDM (Fig. 4) and overall survival (Fig. 5) , respectively. In contrast, no such clear time effect was noticed when considering clinical risk on its own, with a HR of 3.29 (1.00-10.87) and 2.11 (0.62-7.21) at 5 years and 2.93 (1.03-8.30) and 1.81 (0.80-4.10) at 10 years for TDM (Fig. 4) and overall survival (Fig. 5) , respectively.
Discussion
The Erasmus Medical Center Rotterdam in collaboration with Veridex initially developed a 76-gene signature to identify patients at high risk of distant recurrence (3), which was recently validated by this same group on an independent multicentric population of 180 untreated N -breast cancer patients (4). As it is likely that gene expression profiles will affect future clinical decision making, it has been emphasized that they should be validated independently and preferably by teams outside the original institutions in different series of patients. The results of our study clearly show that the 76-gene signature remains a powerful prognostic tool even in this particular setting where samples were provided by different institutions, the clinical data audited, the experiments done by an independent laboratory, and the data analyzed by an independent statistical office. Indeed, the proportion of patients remaining distant metastasis-free at 5 and 10 years was similar to the proportion observed in the confirmatory study of Foekens at al. (4), with 98% versus 76% at 5 years and 94% versus 73% at 10 years, for the low-and high-risk groups, respectively. This multicenter independent study correctly predicted 97% of the relapses that occurred within 5 years and 34% of the non-relapsers. These results, which are in agreement with the previous publications (3, 4) , provide additional evidence that this gene signature could substantially reduce the number of patients who would be recommended to receive unnecessary adjuvant systemic treatment. Furthermore, it has to be underlined that this gene signature seems to be applicable in different laboratories with the same sensitivity.
The HRs were equal to 5.78 for TDM and 2.87 for overall survival, and these remained similar after adjustment for the clinical risk, as assessed by Adjuvant! Online. This means that the signature adds prognostic information to that provided by the clinical risk classification. Furthermore, as reported for the initial population (10), the 76-gene signature was able to identify in this cohort a significant percentage of ER-negative tumors in the low genomic risk group (25%), whereas all ER-negative tumors were considered to be at high clinical risk according to Adjuvant! Online. This is in contrast with the Amsterdam 70-gene signature, which identified only 4% of ER-negative patients (5 of 111) in the low genomic risk group but 44% (85 of 191) in the high genetic risk group (7) . The independence of the ER status of the 76-gene signature, together with its independence of age and tumor size, as well as its current validation in an independent series of patients support its strong prognostic power and emphasize its broad clinical applicability.
Given the exceptionally long median follow-up time of this validation cohort (i.e., 14 years), as opposed to a median follow-up of about 8 years for the previously reported populations, we decided to further investigate the behavior of the genomic risk over time. Interestingly, we found that the HR for the gene signature adjusted to the clinical risk was the highest when data were censored at 5 years and decreased as censoring time points increased (11) . Similar results were recently also reported for the validation of the 70-gene signature in the same validation series (7), although the latter included 104 additional patients. This finding highlights that both signatures are a strong predictor of the development of early distant metastases occurring within 5 years, but that their prognostic ability decreases with increasing follow-up years. Nevertheless, the adjusted HR still remained high (5.11) in our study at 10 years of follow-up. These findings, which were not observed for the clinical risk classification, might not be unexpected because the signatures were built to identify patients with distant metastases within 5 years. When these bell-shaped curves of the HR during long-term follow-up will be confirmed in separate series of patients, it does suggest that different mechanisms may be associated with the development of early and late distant metastases. Klein et al. recently provided new insight into the evolution and progression of breast cancer (12, 13) . Their results suggested that during breast cancer tumorigenesis some tumor cells may already disseminate in a much earlier genomic state and remain ''dormant'' until the microenvironment becomes favorable and advantageous aberrations take place in order for distant metastases to develop. However, once metastases start growing, they will still show the same global genomic phenotype as the primary tumor, as reported by several groups (14 -18) . Indeed, these dormant cells still have the potential to develop more or less the same genetic aberrations and therefore to show a genetic phenotype similar to what is seen in the primary tumor. Thus, according to Klein's findings and to the current clinical observation that early-stage breast cancer patients still relapse despite complete resection of the primary tumor, we assume that cells may disseminate at different stages of breast cancer tumorigenesis and primary tumor development. Cells that disseminated before primary tumor development would still need to go through some genetic changes and receive the right signals from the local microenvironment before becoming fully active, and this phenomenon could explain the occurrence of late metastases. In contrast, cells that disseminated from the primary tumor in a much more advanced genomic state may already have the genomic background needed for metastatic development and could be responsible for the earlier metastases.
This means that by profiling only primary tumor samples, we might essentially be capturing information regarding tumor cells that disseminated from the primary tumor and not necessarily the young disseminated tumor cells that are in a far less progressed genomic state.
Altogether, these findings may have some important clinical implications. Indeed, in this context, adjuvant therapy might help only to eradicate ''active'' disseminated breast tumor cells, those which have already acquired the full capacity of unrestrained growth and which are therefore responsible for the development of early metastases. Currently administered adjuvant therapies might not be able to kill the ''dormant'' disseminated cells, suggesting that new targeted therapies should be developed while late adjuvant chemotherapy or switching long-term endocrine therapy (up to more than 10 years) might be considered.
In conclusion, this independent multicenter validation shows the strong reproducibility and robustness of the 76-gene expression signature and adds to the growing evidence that this classifier is of wide clinical relevance, especially to identify patients at high risk of developing early distant metastases.
